The ultrafast demagnetization (UFD) dynamics of itinerant ferromagnets is theoretically investigated as a function of the characteristics of the initial laser excitation. A many-body pd-band
I. INTRODUCTION
Over the past twenty years, a wide range of different time-resolved experiments have demonstrated that the excitation of magnetic transition metals (TMs) and rare earths with short laser pulses triggers an ultrafast demagnetization (UFD) of the material on a subpicosecond or picosecond time scale. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] This remarkable effect offers new possibilities of ultrafast control and manipulation of the magnetization, which could find multiple applications in spin-electronic devices and storage media. Understanding the non-trivial quantum physics behind this phenomenon is obviously crucial for any knowledge-oriented material design. Therefore, several mechanisms explaining the UFD have been proposed in the literature. 8, 11, 13, 14, On the one hand, one finds models in which the central role is played by the coupling between the narrow-band electrons responsible for magnetism and some distinct, a priori nonmagnetic degrees of freedom or field. In this context, let us mention the mechanisms based on electron-phonon spin-flip scattering, 11, [23] [24] [25] [26] [27] [28] [29] on the transport of spin-polarized electrons, [30] [31] [32] [33] [34] [35] [36] [37] and on the coherent relativistic interaction between the photon field and the electronic spins. [38] [39] [40] On the other hand, two purely electronic theories have also been proposed, in which the essential part of the demagnetization takes place within the electronic system, as a result of the coupling between the spin and translational degrees of freedom in the presence of the lattice potential. [41] [42] [43] [44] [45] To this category belong the time-dependent density-functional studies reported in Refs. [41] [42] [43] [44] . These explain the UFD as a throughout breakdown of the spin density and local magnetic moments in all unit cells, which involves spin-orbit driven spin flips and spin currents. An alternative approach, which is particularly relevant for the present paper, is the many-body electronic model
Hamiltonian proposed in Ref. 45 . In this case the experimentally observed demagnetization is explained as the consequence of an ultrafast breakdown of the FM correlations between the local 3d magnetic moments which remain highly stable at all times. From the latter investigations the following microscopic picture of the magnetization dynamics emerges: The demagnetization occurs essentially at the same rate as the spin-to-orbital angular momentum transfer, which is governed by the SOC and thus corresponds to a characteristic demagnetization time τ dm of the order of 100 fs. Notice, moreover, that the sum of the angular momenta associated to the electronic and ionic degrees of freedom is strictly preserved by the electron-lattice interactions. Therefore, the decrease of J is exactly compensated by an increase of the lattice angular momentum L lat , occurring at the same rate. The fact that high local-moment stability, electron delocalization, and spin-orbit interactions are all inherent features of itinerant-electron magnetism explains the experimentally observed universality of the UFD effect. Further details on the electronic mechanism of UFD are discussed in Ref. 45 .
In past years a considerable research activity has been focused on the role of the initial excitation in the UFD process, and on the possibilities of controlling the spin dynamics by tuning the laser-pulse characteristics. 42, [46] [47] [48] For example, it has been recently demonstrated that the degree of demagnetization can in principle be controlled by changing the shape and spectral distribution of the pump pulse. 42 It is therefore most interesting to correlate the degree of demagnetization with the material parameters and electronic structure. Furthermore, one would like to understand how the efficiency of the demagnetization process depends on the degree of excitation of the ferromagnet. Varying the intensity of the pumping pulse at a given frequency allows us to adjust the number of absorbed photons, excited electrons and absorbed energy. Changing the laser frequency for a given absorbed energy one should be able to discern the role of the number of excitations, and thus gain further insight into thermalization effects. In addition, one may also consider different circularly and linearly polarized light, in order to explore how an initial transfer of angular momentum upon laser absorption may affect the subsequent dynamics. Finally, adjusting the laser-pulse duration τ p , from ultrashort highly-intense excitations to values of τ p comparable with SOC relaxation time, should help us to reveal any specific spin dynamics taking place while the laser field is active, and which may result from SOC-laser interference effects. [38] [39] [40] It is the purpose of this paper to investigate the role of the initial laser excitation on the magnetization dynamics of ferromagnetic TMs and to quantify the possibilities of tuning the ultrafast demagnetization by its means. To this aim we consider a many-body electronic theory in which the dynamics of the electronic translational, orbital and spin degrees of freedom, as well as their coupling to the external electric field, are described quantum mechanically and on the same footing.
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The remainder of the paper is organized as follows. The theoretical background, including a derivation of the model Hamiltonian, the involved approximations, and the parameters used for the calculations, is presented in Sec. II. Exact numerical results for the magnetization dynamics as a function of the fluence, wave length, polarization and duration of the laser pulse are presented and discussed in Sec. III. Finally, Sec. IV summarizes the main conclusions and perspectives.
II. THEORETICAL BACKGROUND
In the following we first derive the electronic model 45 used in the present investigations of the laser-induced magnetization dynamics by explicitly pointing out all the involved approximations. The complete many-body problem, which includes both electronic and ionic degrees of freedom, is simplified by using the Born Oppenheimer approximation, which decouples the electronic and ionic dynamics. 49 This is justified, as usual, by the large ionto-electron mass ratio, and the resulting differences in the corresponding time scales. Since we are interested in the dynamics of the magnetization, which is given by the spin and orbital electronic contributions, we focus on the electronic degrees of freedom so that the ion coordinates appear only as parameters of the quantum many-electron problem. Although the lattice dynamics is ignored in all the calculations reported in Sec. III, we shall return to it at the end of this section and in Sec. IV, when discussing the conservation of total (lattice plus electron) angular momentum and the possible role of the coupling to phonons.
The spin and orbital magnetic moments of transition metals are known to be dominated by the 3d-electron contributions. Moreover, the prime optical excitations of the 3d states, which result from the pumping laser, involve transitions to the nearby 4p orbitals. Therefore, in order to capture the main physics of laser-excited 3d electrons in ferromagnetic TMs, it is reasonable to concentrate on the correlated-electron dynamics within these two bands. The corresponding many-body pd Hamiltonian is given bŷ
describes the single-particle electronic structure of the 3d and 4p bands. In the usual notation,ĉ † iασ (ĉ iασ ) creates (annihilates) an electron at atom i with radial and orbital quantum numbers α = nlm and spin σ (nl refers to 3d and 4p). The corresponding electron number operator isn iασ . For simplicity, the energy levels ε α of the atomic-like 3d and 4p orbitals |ϕ iα are assumed to be independent of m. The interatomic hopping integrals t αβ ij describe the delocalization of the electrons throughout the lattice. Formally, they are given
|ϕ jβ , where µ stands for the electron mass and φ lat for the effective lattice potential, which depends on all atomic positions R i . Notice that the hoppings t αβ ij , but also the energy levels ε α = t αα ii , incorporate the leading contribution to the electron dynamics resulting from the electron-lattice interaction as given by φ lat . In the following, the hopping integrals t αβ ij are determined by using the two-center approximation, which takes into account the most important terms in φ lat due to the ions i and j. 50 In this case t αβ ij depends only on the relative vector R ij = R i − R j , as well as on the radial and orbital quantum numbers nlm of the orbitals α and β. Further details on the calculation of t αβ ij may be found in Appendix A.
The second term,Ĥ C in Eq. (1), refers to the electron-electron interaction. For simplicity, we approximate it by taking into account only the dominant intra-atomic terms among the 3d electrons, which are known to be responsible for the magnetic behavior of TMs. Starting from the general intra-atomic expression
we consider only the largest two-orbital integrals, namely, the direct terms U αβ = V αβαβ and the exchange terms J αβ = V αββα (α = β), which are the most important for the magnetic behavior. Moreover, the orbital dependences of U αβ and J αβ are neglected by setting them equal to their average values U αβ = U and J αβ = J. While the orbital dependences of the intra-atomic d-electron repulsions are known to be important for a quantitative description of orbital magnetism, 51 they are not essential for describing the total spin polarization within the 3d band, even as a function of temperature. 52 Taking into account these simplifications one obtains the particularly transparent form 52-55
Here,n 
Notice thatĤ C , as the full Coulomb interaction, conserves both the spin s d i and orbital l i angular momenta of the atoms, since the rotational invariance of the first-principles interaction is not altered by the local approximations. In this context it is useful to recall that this model has been successfully applied in numerous previous studies of the equilibrium ground-state and finite-temperature properties of transition-metal magnetism.
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The third term in Eq. (1) is the spin-orbit coupling operator
in an intra-atomic approximation within the 3d band, where the parameter ξ denotes the SOC strength. The matrix elements ( l · s) ασ,α σ ofˆ l i ·ˆ s i at atom i couple the spin and orbital degrees of freedom, thereby conserving the total local angular momentum j i = l i + s i .
The last termĤ E in Eq. (1) introduces the interaction with the external laser field, which is treated in the intra-atomic dipole approximation. For linearly polarized light we havê
where E(t) refers to the uniform classical electric field,ε denotes a dimensionless normalized polarization vector, and e > 0 is the electron charge. In the case of circularly polarized laser pulsesĤ E is replaced by the operatorĤ σ E , which describes an electric field with helicity σ = ±1 carrying an angular momentum σ along the z axis. This is given bŷ
whereP d (P p ) denotes the projection operator onto the 3d (4p) orbitals andε ± = (ê x ± iê y )/ √ 2 is the complex polarization vector. As usual,ê x andê y stand for the unit vectors along the x and y axis. Since the dipole matrix elements α|ˆ r|β satisfy the atomic selection rule nlm|ˆ r|n l m = 0 unless l − l = ±1, the optical excitation involves only 3d-4p transitions. A more detailed account of the dipole matrix elements is given in Appendix B.
The operatorĤ Before closing the discussion of the model, it is worth recalling that the field-free HamiltonianĤ =Ĥ 0 +Ĥ C +Ĥ SO represents a purely electronic model, which describes the dynamics of electrons within the lattice potential φ lat generated by the ions at given fixed positions R j . Since φ lat is obviously not isotropic, the electronic angular momentum L + S is not conserved, where L = i l i ( S = i s i ) stands for the total electronic orbital (spin) angular momentum. However, the combined system of electrons and ions represents a closed and therefore rotationally invariant system. Consequently, it is clear that the total angular momentum of electrons and ions J = L + S + L lat remains a formally rigorous constant of motion, where L lat denotes the angular momentum of the lattice. An explicit account of the time dependence of the lattice angular momentum would require to consider the dynamics of the ionic degrees of freedom, which is beyond the scope of the present work.
A. Model simplifications and parameters
In order to achieve an exact numerical solution of the many-body dynamics without involving often hardly controllable and symmetry breaking mean-field approximations, we 
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The second approximation consists in performing the numerical propagations on a small cluster model. In this work, we consider equilateral triangles (N a = 3 atoms) having N e = 4, The spin dynamics is triggered by an optical pump pulse having a Gaussian form
where ω = 2πc/λ is the laser frequency. The pulse, centered at t = 0, has a duration characterized by the pulse width τ p . The intensity of the electric field can be measured by the maximal amplitude E 0 of E(t), which is related to the energy flow per unit area or fluence F : work we set 3d||T
(1) ||4p = 0.5Å, which corresponds to the typical extension of 3d and 4s orbitals in 3d TMs. The precise value of 3d||T (1) ||4p is not important for our conclusions.
In the following section we investigate the consequences of the laser excitation on the FM ground state |Ψ 0 by propagating |Ψ(t) numerically under the action of the time-dependent electric field. The time evolution is calculated by using the short-time iterative Lanczos propagation method. 67 Once the many-body wave function |Ψ(t) is obtained we compute the expectation values O(t) = Ψ(t)|Ô|Ψ(t) of the observablesÔ of physical interest, for example, the total spin magnetizationŜ z , the local spin and orbital momentsˆ s i andˆ l i , and the spin-correlation functionsˆ s i ·ˆ s j .
III. RESULTS AND DISCUSSION
Before solving and analyzing the dynamics it is important to keep in mind that the hybridizations due to the electron-lattice interaction, the Coulomb interactions and the laser-absorption processes, which are described byĤ 0 ,Ĥ C andĤ E , all conserve the total 
A. Laser fluence
The laser fluence F is naturally expected to play an important role in the subsequent spin relaxation since it controls the level of electronic excitation. In order to quantify its effect we have determined the magnetization dynamics S z (t) for different representative values of F and for different structures and number of electrons N e . This also gives us the opportunity to explore the dependence of the ultrafast demagnetization on band filling. Since the excitation spectrum depends on the precise structure and band filling of the model, and in order that the results can be compared, we have chosen the laser wave length such that it matches the absorption spectrum. The results of Figs. 1 and 2 show that similar laser-induced demagnetizations take place for all considered geometries and band fillings. One observes that S z (t) decreases rapidly after the pulse passage at t = 0 (τ p = 5 fs) reaching values close to the long-time limit S τ dm is always much larger than the considered pulse duration τ p = 5 fs. This implies that the demagnetization effect is not the direct result of the interaction with the laser electric field, but rather the consequence of an intrinsic process occurring within the excited electronic system. The same previous work shows that the interplay between the electronic motion in the lattice and the SOC is at the origin of the ultrafast demagnetization. all considered fluences F . In addition, on the left hand side, the demagnetization time τ dm is given as a function of F . One observes that for all considered systems S sc (t) and τ dm are essentially independent of F , i.e., of the degree of excitation (10 mJ/cm 2 ≤ F ≤ 80 mJ/cm 2 ). However, τ dm depends to some extent on the lattice structure and band filling, although it always remains in the range of a few tens of femtoseconds for |ξ| = 80 meV. This can be understood by recalling that the coupling between spin and translational degrees of freedom, which results from spin-orbit interactions, can be very sensitive to the details of the electronic structure. In fact, it is well-known that the magneto-crystalline anisotropy energy, easy magnetization axis, and orbital moments of transition-metal systems depend strongly on lattice structure and band filling. [69] [70] [71] [72] Furthermore, notice that weak oscillations are superimposed to the general exponential decrease of the calculated S z (t).
These become somewhat weaker (stronger) for shorter (longer) pulse durations τ p , as the laser-field spectrum becomes broader (narrower) and the final excited state involves a larger It is interesting to investigate the experimentally observed increase of the demagnetization ∆S z with increasing fluence F by analyzing the spectral distribution of the many-body state |Ψ(t) after the pump-pulse passage (e.g., t ≥ 15 fs for a 5 fs laser pulse). For this purpose, we expand |Ψ = k α k |ψ k in the stationary states |ψ k of the field-free Hamiltonian
where = E − E 0 is referred to the ground-state energy E 0 and k = E k − E 0 . Notice thatĤ and thus the spectral distribution D Ψ ( ) of |Ψ(t) are independent of t once the pulse has passed (e.g., t ≥ 3τ p ). 
with Ψ 0 |∆Ψ(t) = 0 and ∆Ψ(t)|∆Ψ(t) = 1 we have
The demagnetization in the long-time limit is then given by
where S * z (t) = ∆Ψ(t)|Ŝ z |∆Ψ(t) is the magnetization in the excited states at time t. This shows that ∆S z /S 0 z is proportional to the spectral weight sin 2 (α) transfered to the excited states or, in other words, to the level of excitation. Since S * z (0) S 0 z (i.e., essentially no change in the spin polarization occurs during the pulse passage) the proportionality factor
gives a measure of the efficiency of the demagnetization in the excited-state manifolds. It is interesting to observe that the dynamics of the many-electron system yields a remarkably effective reduction of the excited-state magnetization S * z (t). In fact, in some cases (e.g., a triangle having N e = 7 electrons) the quenching of S * z (t) is nearly complete (i.e., S * z (∞) 0). While it is tempting to interpret this in terms of the statistical hypothesis of equal a priori probability, there are many examples where no full excited-state quenching is found. For instance, in a triangle having N e = 4 or 5 electrons, as well as the rhombus, one finds that S * z (∞) is significantly larger than zero (S * z (∞) 0.06-0.13 per atom, see Sec. III B).
At this stage one may wonder whether the relation between the degree of long-time demagnetization and the level of excitation is not simply a consequence of the fact that with increasing fluence F and increasing sin 2 (α) also the absorbed energy ∆E increases. In order to clarify this matter it is important to investigate the dynamical magnetic response as a function of the photon energy ω.
B. Absorbed energy versus average number of absorbed photons
The preceding section has shown that the main consequence of increasing the level of electronic excitation is to enhance the degree of demagnetization ∆S z = S 0 z − S ∞ z at long times, at least for the considered range of fluence F . A complementary way of investigating the dependence of ultrafast demagnetization on the level of excitation and on the absorbed energy ∆E is to vary systematically the photon energy ω. In this way the importance of the absorbed energy and of the average number of electrons excited by the laser or of absorbed photons n ph = ∆E/ ω can be tell apart.
In the following different laser frequencies are considered, for which the absorption probabilities are significant. The corresponding exact time dependences of |Ψ(t) and S z (t) have been numerically determined. In all cases, the UFD effect is observed with demagnetization times τ dm = 18-62 fs for the triangle with N e = 4 electrons, τ dm = 23-62 fs for the triangle with N e = 5, τ dm = 42-122 fs for the triangle with N e = 7, and τ dm = 15-86 fs for the rhombus with N e = 5. This confirms that the UFD effect is an intrinsic characteristic of the correlated electronic system, which is qualitatively independent of the details of the triggering excitation. Nevertheless, notice that the precise value of τ dm depends to some extent on the laser frequency ω. This shows that different optical absorptions lead to different excited states, or more generally, different spectral distributions D Ψ ( ), which exhibit their own specific many-body dynamics. Incidentally, this may also indirectly cause a fluence dependence of τ dm . Assuming a rapid thermalization of the electronic translational degrees of freedom after the laser absorption, one expects that the distribution of the excited many-body states should become broader as the fluence F increases. This would render higher excitation energies accessible and could thus result in changes in τ dm as a function of F . Unfortunately, this hypothesis cannot be quantified numerically in the present framework, since the cluster models accessible to exact time propagations are too small to allow a true thermalization or self-averaging.
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The long-time limit of the demagnetization ∆S z = S One concludes that the average number of absorbed photons n ph , or equivalently, the number of single-particle electronic excitations induced by the pumping pulse, rather than the absorbed energy, determines primarily the strength of the demagnetization. This is consistent with the discussion at the end of Sec. III A showing that ∆S z /S 0 z is proportional to the spectral weight transfered to the excited states during the laser-pulse absorption.
The slope γ of the linear dependence ∆S z /S 0 z γ n ph can be related to the efficiency of the demagnetization in the excited states S * z (∞), which was introduced at the end of the Sec. III A. Assuming for simplicity that only the ground state and the lowest excited states around ω contribute to the spectral distribution of |Ψ(t) after the pump pulse, one can easily show that sin 2 (α) in Eqs. (11)- (13) is equal to the average number of absorbed photons According to our exact model calculations, the energy per atom ∆E, which is absorbed during the pump pulse, does not give the appropriate measure of the degree of excitation of the electronic system in relation to subsequent ∆S z /S 0 z . This is physically interesting, since it contrasts with the idea that the translational degrees of freedom of the electronic system should rapidly thermalize in a spin-conserving way. Indeed, if the latter were so, the energy absorbed in any field-induced single-particle transition would be rapidly redistributed among the electrons, thus erasing any memory of the details of the triggering excitation (e.g., the number of initial single-particle transitions or number of absorbed photons). Let us recall that the characteristic times involved in electron-lattice and electron-electron interactions ( /t αβ ij and /U ) are at least an order of magnitude shorter than the typical spin-orbit and demagnetization times. All these short-time dynamical processes are properly taken into account in our studies. Still, it is also true that our calculations are unable to describe the approach to thermal equilibrium, since the exact time propagations are performed for closed purely electronic systems (Neumann-Liouville theorem). The interactions with the environment are ignored and the considered models are too small to achieve self-averaging. 
C. Electric-field polarization
The dependence of the magnetization dynamics on the polarizationε of the incident laser pulse has been investigated by considering linearly and circularly polarized electric fields. Figure 5 shows the time dependence of the spin and orbital angular momenta in an equilateral triangle with N e = 4 electrons. The pumping excitation has a duration τ p = 5 fs and a wave length λ = 1051 nm. Three different electric-field polarizationsε are considered: linear polarization along a NN bond within the xy-plane containing the triangle (σ = 0), right circular polarization (σ = +) and left circular polarization (σ = −). For σ = + (σ = −) the field carries an angular momentum of (− ) which is parallel (antiparallel) to the ground-state spin magnetization S 0 z along the out-of-plane z direction. Figure 5(a) shows that S z (t) depends weakly on the considered polarization, in agreement with experiment.
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In the limit of long times, the spin magnetization decreases to a somewhat larger (smaller) value S ∞ z after the absorption of a right (left) circular pulse in comparison with the linear pulse. As we shall see, this can be ascribed to the rather small polarization dependence of the absorption cross section. One may also notice that the difference in S z (t) between left and right polarized light increases at the early stages of the dynamics (t τ dm = 19 fs)
showing some oscillations for t ≥ τ dm .
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The laser-polarization effects on the orbital magnetic moment L z are found to be sig- It is also important to remark that the changes in L z induced by the laser field, and the thus resulting differences in the time dependence of L z for different polarizations, rapidly vanish once the laser pulse passes. As shown in Fig. 5(b) , already 18 fs after the pulse reaches its maximum (t = 0) the differences in L z (t) for different σ are no longer distinguishable from the intrinsic oscillation of L z (t) due to the dynamics ruled by the field-freeĤ. The reason behind this is the motion of 3d electrons throughout the lattice, which does not conserve the atomic l iz . In TMs d-electron delocalization actually quenches L z on a very short time scale of the order of /t αβ ij 1 fs, where t αβ ij is the hopping integral between NNs. Thus, the electronic motion tends to wash out any change in the orbital angular momentum, irrespectively of its origin. The results show that the hopping-induced rapid quenching of L z applies equally well to an enhancement of L z due to the laser absorption (σ = +) and to the spin-to-orbital angular momentum transfer due to SOC in the excited states. This explains why the time dependences of L z (t) for the different laser polarizations are very similar after the pulse passage. The differences in the excited state for different σ, which are clearly visible in L z (t) for short times, have only a modest effect on the slower spin dynamics [see Fig. 5(a) ]. The latter is actually governed by the spin-to-orbital transfer of angular momentum and the above-mentioned L-quenching electronic motion. As we shall see, the dependence of S z (t) on the laser polarization is mainly due to the changes in the absorption efficiency for different σ. One concludes that the pd model explains from a microscopic perspective the experimentally observed weak sensitivity of the UFD effect on the laser polarization. Fig. 5(a) ]. Furthermore, Fig. 5(a) shows that the time dependences of S z (t) for different σ can all be reasonably well fitted with exponential functions having the same demagnetization time τ dm = 19 fs (dashed curves). Our calculations show no significant effect of the laser polarizationε on τ dm .
In order to investigate the interplay between spin-orbit coupling and laser-ferromagnet interaction, it is interesting to consider pulse durations τ p that are larger than the time scale of the SOC ( /|ξ| = 8 fs) for different laser polarizations. Figure 6 shows the time dependences of S z and L z in an equilateral triangle (N e = 4 electrons) which is excited with a laser pulse having τ p = 20 fs and λ = 1051 nm. One observes that S z (t) and L z (t) depend significantly on the considered polarization. In the case of L z the polarization-dependent changes resulting from direct optical absorption vanish very rapidly as the pulse passes (t > τ p = 20 fs). As already discussed, this is due to the rapid electron delocalization in the lattice [see Fig. 6(b) ]. In contrast, the differences in S z (t) for the different considered ε remain significant during several hundreds of femtoseconds [see Fig. 6(a) 
D. Pulse duration
The pulse duration τ p is a central characteristic of the laser excitation whose role on the dynamics deserves to be investigated in some detail. To this aim, exact time propagations have been performed for a triangle having N e = 4 electrons, which is excited with a laser having λ = 1051 nm and 1 fs ≤ τ p ≤ 50 fs. This covers the range from narrow to broad pulses in comparison with the period of oscillation of the field T = λ/c 3.5 fs and the SO time scale /|ξ| 8 fs. Since the radiated energy is directly proportional to the pulse duration τ p , and the absorption efficiency depends strongly on the frequency distribution of the field, comparing the magnetization dynamics for the same fluence F and different τ p would be confusing. We have therefore scaled F for each τ p so that the absorbed energy ∆E and the average number of absorbed photons n ph = ∆E/ ω remain constant. In this way the role of the pulse duration can be effectively assessed. Figure 7 shows the time dependence of the average spin magnetization S z (t) for τ p = 1-50 fs and F such that n ph /N a = 0.22.
For relatively short pulses (τ p < 10 fs) the decrease of S z (t) takes place sharply after the pulse passage. The excitation is sudden, since the electronic system has no time to evolve from a magnetic point of view (τ dm 20 fs and /|ξ| = 8 fs for |ξ| = 80 meV). However, as the pulse duration is increased, one observes that a significant part of the demagnetization occurs while the laser field is still on. This is particularly clear for τ p = 50 fs, in which case almost half of the long-time demagnetization has already taken place when the laser pulse reaches its maximum at t = 0 (see Fig. 7 ).
The demagnetization time τ dm and the degree of demagnetization ∆S z /S where the pulse duration is longer than /ξ and τ dm .
IV. CONCLUSION
The laser-triggered dynamics of itinerant-electron magnetism has been investigated in the framework of a many-body pd Hamiltonian which describes electron delocalization, Coulomb interactions, spin-orbit interactions and the coupling to the laser field on the same footing.
The time-dependent many-body state of the system |Ψ(t) has been exactly calculated by applying a numerical short-time Lanczos propagation method on small cluster models with parameters appropriate for Ni. Starting from the ground state |Ψ 0 , the time evolution of |Ψ(t) has been followed during and after the laser pulse. The relevant observables, in particular the average spin moment S z (t) and orbital moment L z (t), have been obtained for a wide range of representative excitation parameters: fluence F , wave length λ, linear and circular polarizationsε, and pulse duration τ p . For all considered excitations, cluster models and band fillings, one observes that S z (t) decreases rapidly after the pulse passage reaching values close to its long-time limit S ∞ z in a very short characteristic demagnetization time τ dm of the order of 20-100 fs. The actual value of τ dm is found to scale with /ξ, where ξ is the spin-orbit coupling strength, which controls the slowest electronic spin-to-orbital angularmomentum transfer. Furthermore, the observed general trends show that whenever the main ingredients of itinerant-electron magnetism are present, namely, band formation, strong intra-atomic 3d Coulomb interactions and spin-orbit coupling, the ultrafast demagnetization effect should take place. One concludes that the ultrafast demagnetization of ferromagnetic TMs reflects the intrinsic many-body dynamical behavior of itinerant magnetism. The universality of the effect has been theoretically demonstrated.
The present investigations indicate that ultrafast demagnetization can be regarded as an essentially local process which involves mainly the atomic spin and orbital d-electron degrees of freedom and their immediate local environment. While this justifies small-cluster modelizations, it is also clear that one would like to improve on this limitation by considering larger clusters and extended systems, not least in order to quantify the importance of intermediate-and long-range dynamical effects. Besides the possible consequences on the electronic correlations, improving on the cluster model would allow us to obtain a more quantitative account of the laser absorption efficiency, which has been shown to be crucial for predicting S z (t). Such improvements will most certainly involve mean-field or functional-integral static approximations of the Coulomb interactions, whose validity could be checked by comparison with the exact results reported in this work. Moreover, our study suggests that the laser-induced ultrafast demagnetization effect, being an essentially local phenomenon, should also take place in ferromagnetic small clusters, nanoparticles and granular systems. It would be therefore most interesting to perform cluster-specific studies of ultrafast demagnetization in order to reveal its size and structural dependence.
Finally, from the fundamental perspective of understanding the underlying physical mechanisms of UFD, it is important to recall that there are other forms of spin-lattice relaxations (e.g., electron-phonon coupling) which have been ignored in the present electronic model and which are expected to contribute to the magnetization dynamics. The values of the Slater-Koster parameters are given in the main text.
Appendix B: Electric dipole matrix elements
The dominant intra-atomic dipole matrix elements α| r|β characterizing the interaction H E with the laser field [see Eqs. (7) and (8)] can be expressed in terms of the irreducible spherical tensor operatorT (k) q of rank k = 1 and components q given bŷ 
The elements ofT 
where nl||T (k) ||n l is the reduced matrix element and the scalar products l k; m q|lm are the Clebsch-Gordan coefficients. Thus, the matrix element nlm|T be interpreted as a projection resulting from the addition of the angular momenta l and k to l ( l ⊕ k = l). Since nl||T (1) ||n l is independent of m , q and m, all the dipole matrix elements enteringĤ E are characterized by a single parameter 3d||T (1) ||4p , the dependence on m, m and q being given by the known Clebsch-Gordan coefficients. Since the operator H E is given by a product ofˆ r and E, the matrix element 3d||T (1) ||4p gives a measure of the strength of the coupling between the electronic translational degrees of freedom and the external electric field E [see Eqs. (7) and (8) 
In the case of circular polarizationε ± the relevant matrix elements are 4pm |ε ± ·ˆ r|3dm = ±δ m ,m±1 |m|/6 + √ 2δ m,0 /6 3d||T (1) ||4p * .
Taking into account the reduction of the local orbital degeneracy introduced in Sec. II A, the non-vanishing electric-dipole matrix elements are simplified as follows. For linear electricfield polarization, they read 3dm|x|4p0 = − m 3d||T (1) ||4p / √ 2 ,
while for circular polarization they are given by 4p0|ε ± ·ˆ r|3dm = ±δ m,∓1 3d||T (1) ||4p * .
The value of 3d||T (1) ||4p is given in the main text.
